The analysis of hadronic vector boson decays at LHC does not normally allow for interference with QCD production. These effects are studied here using the Sherpa package and can move by several GeV/c 2 the peak positions experiments would reconstruct. However, their impact depends strongly on the kinematics involved. The shifts expected in boosted W and Z bosons, which have been the subject of experimental study, are explored for the first time. The effects in the channels examined are all very small or negligible, but this may not true if lower transverse momenta are analysed, for example in the experimental trigger systems.
Introduction
This is a study of interference effects inproduction at LHC between hadronically-decaying weak vector bosons and pure QCD processes. Early studies [1] explored the impact of interference on total W and Z cross-sections in pp and pp analytically at energies below a TeV. They concluded there were major effects which, however, reduced with centre-of-mass energy. Further studies considering √ s=630 GeV/c and 1.8 TeV/c [2] conclude that "effects caused by the interference between electroweak and QCD amplitudes must be taken into account when data are compared with theoretical predictions.", and noted a shift in the resonances peak position of around 0.3 GeV 2 . Pumplin [3] considers hadronic vector boson observation at the Tevatron as a mass calibration channel, and notes that interference causes a shift of order 0.35 GeV 2 downwards in mass.
This document explores the relevance of these effects to boosted vector boson production, which is experimentally studied at the LHC. For example, Z(→ bb)γ, with a transverse momentum of 200 GeV/c [4] , inclusive Z → bb) with p T above about 450 GeV/c [5] , and the study of inclusive W →is used [6] with a p T over 600 GeV/c is used as a calibration in hadronic X → V V searches [6] . Much of the interest in hadronic vector bosons is related to the proposal to analyse boosted hadronic Higgs decays [7] . None of these papers considered interference effects. Baur [8] considered hadronic V+X production theoretically, finding it of order 1% of the jet rate at LHC energies, but ignored interference despite citing reference [2] .
The results presented here are obtained using the Sherpa 2.2.7 package [9] with Photos [10] and normally the NNPDF 3.0 [11] set, with MSTW08 [12] used for some studies. The Comix [13] matrix element generator is used throughout to generate leading order cross-sections. As such, s-channel gluon-mediated processes are pure colour octets and do not interfere with vector bosons. At higher order there would be additional effects. The OpenLoops [14] package was explored as an NLO generator but the only relevant final state for boosted vector bosons available is 3-jet production, and that does not include EW effects.
It may be helpful to state the obvious: if two amplitudes a and b contribute to a process the cross-section is given by σ = aa * + bb * + ab * + ba * . If a is the process under study and b represents a background then the fractional contribution of the interference term is at most 2|b|/|a|. Thus (fractional) interference effects are generically expected to scale with the square-root of the signal to background ratio, as discussed in contribution 19 of Ref. [15] .
The methodology used is discussed in section 2. The results for the experimentally inaccessible inclusive vector bosons, for comparison with previous literature, are discussed in section 3, and a fit formalism introduced. This is then applied to V + γ production in section 4 and inclusive boosted W s and Zs in sections 5 and 6 respectively.
Methodology
All process discussed in this document are simulated with Comix in Sherpa at LO. Furthermore the parton shower, hadronization and underlying event are all disabled to save computing time, so the final output is a small set of partons only.
Sherpa uses the concepts of a 'process' which defines the initial and final states, and possibly intermediate ones, and a 'selector' which imposes kinematic selections on the outgoing particles.
Three processes are defined here for each state: the background, the signal and the total, which includes interference. However, the signal is not defined via an intermediate decaying boson, because the background should include all other intermediate processes and this yields complications with remaining electroweak diagrams such as t-channel exchange. Instead, the gauge-invariant approach of defining the order of electroweak process is used: zero for QCD backgrounds, two for EW productions and any for the total system. (In the case of a photon in the final states the order is 1, 3 or any.) This means that what is studied is pure QCD-EW interference.
The selectors used steer Sherpa are:
• A wide mass window on the relevant quark-antiquark pair, e.g. 50 GeV/c 2 < m(ud) < 130 GeV/c 2 . This wide window enables studies involving the experimental resolution.
• All coloured objects must have a p T over 25 GeV/c. This mimics detector acceptance and stabilises the Sherpa integration.
• All objects must have |η| < 2.5. This mimics central detector acceptance, but it also stabilises the Sherpa integration in some cases.
• When studying boosted bosons, either the photon, if present, or the highest p T coloured object, if not, must pass a specified p T threshold.
Simulation is done at 13 TeV pp centre-of-mass energy. The full 'Run.dat' from one process can be seen in appendix A. There it can be seen that the output is in hepMC format. DelphesMC [16] is used to reformat this for processing by root 6.16 [17] . In the plots that follow all quarks, but not gluons, are considered, and the invariant mass of all possible pairs is shown unless stated otherwise. In most cases there is only one possible pair found per event, butstates are studied.
Inclusive vector boson production
Before considering boosted bosons, we first examine W and Z production pp → V , where V refers to either a W or a Z boson, following ref. [2] . For simplicity, no additional hadronic activity is included in the matrix element.
The fusion of light quark pairs uu and dd is the largest production mechanism at LHC. The experimental background is dominated by processes involving gluons in the initial or final state, but interference will only occur between process with identical initial and final states, so we only consider the quark diagrams. Figure 1 shows these for EW and QCD processes. Only the s-channel V process produces a resonant mass signature in thefinal state, and it is a colour-singlet. The equivalent gluon diagram is however a colour octet, and so does not interfere, but this does not hold for the t-channel gluon exchange process.
The s channel diagrams presented rely on the two initial state quarks being the same species, and similarly for the final state. However the t channel diagrams require that q 1 and q 4 are identical, as are q 2 and q 3 . Thus interference effects are only expected for the Z when all quarks are the same species. However, to simulate with some generality the Sherpa process is set to '94 94 -> 94 94'; where 94 is a label referring to any quark or antiquark state. The process→. Left shows the pure electroweak (green), pure QCD (red) and total (black) cross-sections. Right has the same electroweak component, but the hollow black points show the total minus the QCD component, and the blue is the interference term.
Inclusive Z production
For this section the final state particles are required to be a quark-antiquark pair of the same flavour, i.e.→. The differential cross-section is shown in figure 2 . Clearly there are sizeable interference effects in the inclusive mass spectra, which induce shifts in the peak position but are largest about ±Γ/2 from the pole mass. The distributions are fit using the sum of a relativistic Breit Wigner and an arbitrary, constant, amplitude,
In this formula κ is a scale for the Breit-Wigner, E the centre-of-mass energy, m and Γ the particle mass and width, b and c are real and imaginary amplitude components of a (flat) interfering background. The (imperfect) assumption is that variations in the interfering background in the region studied can be neglected. The motivation for the E 3 dependence of the B-W rate is heuristic. The cross-section is then
where d(E) represent the cross-section of the non-interfering background, given a second-order polynomial dependence on E.
These nine parameters are simultaneously fit to the three distributions in figure 2 (left), with suitable terms dropped for the partial distributions. From them we extract η and η + , as defined in Ref. [15] : they are the total rate of the signal plus interferences term, divided by the signal only, and the same thing evaluated above the pole mass only. They therefore are 1 in the absence of interference and η reflects a scaling while η + is also sensitive to an asymmetry. The integrals are evaluated in a range of ±10 GeV/c 2 around the pole mass.
The extracted m Z = 91.129 ± 0.005 (c/f 91.19 used in simulation) and Γ z = 2.60 ± 0.01 (c/f 2.50 used in simulation), giving an impression of the limitations of the fit. Interference at LO requires that the final state particles are the same as the initial state, and thus PDFs introduce a quark species dependence, increasing the effective width. The peak shift positions for the different quark species are evaluated is separate smaller samples, and given in table 1. There is a variation in the peak position of about 0.6 GeV/c 2 , which contributes a broadening which is not included in the simple fit model. The components of the fit are also shown in figure 2 (right) and are seen to match the simulated points well. The process→, convoluted with a 10% Gaussian resolution. Left shows the pure electroweak (green), pure QCD (red) and total (black) cross-sections. Right has the same electroweak component, but the hollow black points show the total minus the QCD component.
However estimating the impact on an analysis requires allowing for the detector resolution as discussed in Ref. [18] . The resolution shown in figure 1 of ref. [6] varies between 8% and 16% for boosted dijets with p T between 300 and 1000 GeV/c, so we smear each quark pair mass by 10% to investigate the impact. Figure 3 shows the same distribution as fig. 2 with this applied. The turndown at low masses is due to applying the quark p T threshold in the generator and then smearing the reconstructed mass, which is incorrect, but the affected region is avoided in the fit.
The smeared signal distribution, and the difference between the total and the background, are shown in fig. 3 right, where they are fitted with Gaussian forms. The signal Gaussian yields good agreement with the Z mass while the subtracted distribution is down-shifted by 2.4 ± 0.2 GeV 2 , as a result of the interference term. This shift is a feature of the interaction between the lineshape distortion and the experimental resolution. The exercise was repeated using the MSTW08 PDF set, with a shift of 3.3 ± 0.5 GeV/c 2 seen, which is slightly larger but not statistically significant. This can be compared with the shift in the peak position in figure 2, which is approximately −0.22 GeV/c 2 , similar to the 0.3−0.35 shifts reported in Refs [1, 2, 3] but smaller as expected from the higher energy. Thus the experimental peaks are moved far times more than was appreciated in these studies. The resulting shift is a function of the assumed resolution, as can be seen in figure 4 , (produced using MSTW08 PDFs) and would need to be determined explicitly in any case where it is relevant. The effect grows as more of the asymmetric interference term influences the peak.
Inclusive W production
In this case the final state selection is to require a quark-antiquark pair of different species, as produced in W boson decay. This includes some combinations, e.g. uc, which do not have a resonant W component, but ud and du combinations are favoured by their PDFs. Sherpa is run in its default form, with a diagonal CKM matrix. Here there is no s channel component in the LO background, as the gluon is neutral. The resulting mass distribution is shown in figure 5 .
The fitted η + is 0.220 ± 0.008, a very large cancellation of the integrated EW contribution above m W by interference. The fit reports η = 1.056±0.007, which is statistically significant but could reflect the broadening induced by the different interference in ud and cs channels rather than a genuine phase shift.
We compare the smeared distributions in figure 6 . This gives a shift of −2.3±0.1 GeV/c 2 in the mean W mass, where the error is statistical. The shift in the peak in the un-smeared distribution was −0.17 GeV/c 2 .
V + γ production
The ATLAS analysis of γbb [4] used the photon as a trigger and worked with a Z candidate p T threshold of 200 GeV/c, and we use this threshold as a benchmark for V γ processes. Sample Feynman diagrams are shown in figure 7 , and results are given in thi section for uu, bb, ud and cs quark combinations. The initial state of gg contributes to the QCD production, but does not interfere with the Born level EW production and is not included here.
The same feature can be seen here as in the inclusive production: the colour structure of s channel gluon production of the quark pair means it does not contribute to interference, although its rate is sizeable. The t channel gluon exchange diagram can interfere, but it preserves the quark species, so while it is important for uuγ the PDFs suppress its contribution to the bb state.
The case of Z → uu, is shown 1 in figure 8 . The signal to background, on peak, is nearly 3:1, but the fitted interfering fraction of the background is only 0.7 ± 0.1%, as much of the background is colour octet gluon splitting. The relative phase of the background is reversed in comparison to the at rest case.
The distribution after smearing and subtracting background is shown in figure 9 . The observed shift in the Z → uu peak is +0.41±0.05 GeV/c 2 , which is similar to the current experimental systematics on the mass scale. 
Varying the p T threshold
If the uuγ analysis could be done with a 50 GeV/c p T photon trigger, rather than at 200 GeV/c the impact would be dramatic, as shown in figure 10 . An upper tail to the EW distribution appears, due to t channel weak exchange, and a large destructive interference is seen at high mass. The interference fit does not have the physics to describe this situation, but we again explored the impact of smearing with experimental resolution, subtracting the QCD-only background and fitting the result with a Gaussian. The resulting peak is shifted down by 5 GeV/c 2 and its height halve, but the fit with a single Gaussian fails to describe this distribution above the Z peak due to the destructive interference.
With a threshold of 100 GeV/c the fit gives a good description, and the fitted η + term is 1.131 ± 0.007. At 200 GeV/c is was 1.078 ± 0.003, and by 300 GeV/c it falls to 1.048±0.004. This reflects 
The bbγ final state.
The experimental experimental study focuses on the bb final state, to improve signal to background, and as a calibration of b-tagging and b-jet energy scale.
The plots in figure 12 show bbγ with a transverse momentum requirement on the photon of 200 GeV/c, matching the analysis [4] . The signal to background, on peak, is nearly 10:1, but the fitted interfering fraction here is 0.03%, reflecting the small b quark PDF component. There is a very small shift in the experimentally determined bb peak position, −0.05 ± 0.02 GeV/c 2 , which is possibly statistical and certainly unobservable.
The small interference effects in the bb channel arise from the lower bb background due to the small b-quark PDF. This is somewhat fortuitous, as the experimental use of b-tagging to study this state is for comparison with the Higgs boson and to improve the signal to background ratio by removing the gluon and different-flavour quark backgrounds: if there were a good u-tag available experiments would use that to identify Z candidates too. Figure 12 : The processes→ bbγ, (without gg → bbγ), with the bb pair required to have p T >200 GeV/c. Left shows the pure electroweak (green), pure QCD (red) and total (black) cross-sections. Right has the same electroweak component, but the hollow black points show the total minus the QCD component, and the blue is the interference term.
W + γ
There is no published data on this channel in the hadronic W decay mode, but as the W cross-section is higher than the Z it might be experimentally observable using similar kinematics as Zγ. We have therefore simulated pp → udγ, with a p T requirement of the photon of 200 GeV/c.
The s/b is roughly 40:1, enhanced over the analogous Z process by the lack of an s-channel contribution to the background. There is a small interference effect, giving an observed mass shift of 0.12 ± 0.01 GeV/c 2 . The same exercise in the cs mode yields a shift below 10 MeV/c 2 , due to the small charm PDF.
Inclusive Boosted W
There two dominant process are W q and W g production. They have different interference properties, but experimentally there is little separation between them. Reference [6] used a p T selection of 600 GeV/c, but reference [5] clearly shows an inclusive hadronic W peak could be extracted with a p T selection of 450 GeV/c. We have used a p T threshold of 400 GeV/c. The cross-sections of the electroweak process (with W → ud) are 0.22 pb for the W g process and 0.43 pb for the W q. It is an amusing feature of the QCD process in the centre of fig. 13 that the colour label of the internal u quark is transferred first to the gluon and then to the final d quark. Thus the u and d are a colour singlet in both the EW and this QCD diagram. This does not however apply to the right hand diagram as the incoming gluon changes the colour structure, or to the other diagrams, not drawn.
The mass distributions in udq and udg are shown in fig 14 . In each case the background level is so low that interference cannot be important. This is tested numerically by convolving with the experimental resolution and fitting with a Gaussian: no significant effect is seen and errors are of order 10 MeV, negligible in a hadronic detection environment. The left subfigure shows→ udq and the right is→ udg. In each case one parton must have a p T over 400 GeV/c. The pure electroweak contribution is shown green, the very small pure QCD is red and the total cross-sections are black.
6 Inclusive Boosted Z An inclusive boosted Z boson, decaying to bb is used as a standard candle to check on the search for H →bb [5] . Again, this is dominated by Zq and Zg production, but here we chose to simulate both processes at once. The cross-section of the electroweak process with the highest p T jet over 400 GeV/c is 0.32 pb. Approximately 10,000 CPU-hours were required to generate the studies in this section. The process requested is '93 93 -> 5 -5 93', with a mass window requirement on the b quark pair of 50 to 150 GeV/c 2 and one parton must have p T greater than 400 GeV/c. This parton will in almost all cases be the quark or gluon recoiling against the b quark system. This choice includes the QCD contribution of gg → bbg, which has no LO interference contribution. Sample Feynman diagrams are shown in figure 15 . The rightmost (QCD) diagram allows q 2 and q 2 to be a colour singlet, and actually forces q 1 and q 2 to be, so if the initial quark is a b there is enhanced interference. However, the QCD diagrams of figure 13 produce the same quark state, (if the d quarks are replaced by b quarks), but colour octet, and in this kinematic configuration they dominate.
The resulting distributions are shown in figure 16 , where the background is massively larger than for the W case because gluons, like Z bosons, produce same-flavour quark pairs. There is a small positive interference effect established at just over 5σ. The fitted shift in the mass peak, after convolution with the experimental resolution, is −0.01 ± 0.03 GeV/c 2 , which is negligible when compared with the experimental systematic errors.
Summary & Conclusions
The effects observed are tabulated in table 2. Interference effects between EW and QCD diagrams can significantly alter the line-shape of hadronic vector bosons at the LHC. The effects are predominantly shifts in the position rather than the size of the peaks. Results for inclusive production are comparable Table 2 : The interference parameters, and the induced shifts in the peak positions, for the processes considered.
to those previously reported, but here the convolution with the detector resolution increases the observed shifts by a factor ten, so these exceed 2 GeV/c 2 . This factor grows with the experimental resolution. However, their effects are generally unimportant in experimentally accessible states. In γZ(→ bb), p T >200 GeV/c, and W (→ qq), p T >400 GeV/c and Z(→ bb) with a p T >400 GeV/c they are negligible. The V γ state seems the least implausible to experimentally verify these effects, preferably with a lower trigger threshold than used to date and b-tagging could not be used. Even then it would require major improvements in the jet energy scale which is currently known to around 1%. In future triggerlevel analyses, which might have access to lower transverse momentum vector bosons, the impact of interference including t channel EW processes might perhaps be possible to observe.
Higgs to bb decay has a cross-section significantly lower than Z, but its 4 MeV width improves signal to background by 3 orders of magnitude and interference can have no practical impact there.
It must be stressed that all these results were achieved with LO matrix elements. The colour structure will be more flexible at NLO, and there could be important modifications. This is most relevant for the boosted bb states, which could be produced as a colour singlet from a pomeron-like di-gluon interaction. There is no analogous QCD process for ud production.
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